Abstract: Related oak species with different ecological requirements often hybridize where they co-occur. Even though interspecific gene flow is considered to be common in closely related oaks, species identity in sympatric oak species with different local adaptations is generally maintained with a low number of hybrids and introgressive forms in the adult tree generation. Quercus rubra and Q. ellipsoidalis offer a good model to study characters that are related to different local adaptations and reproductive isolation of the species. Both species are interfertile, but grow in different micro-environments with Q. ellipsoidalis as the most drought tolerant red oak species occurring often on very dry sites. In an earlier study, genetic assignment analysis at 15 highly variable microsatellite markers revealed a low number of hybrids (0-2%) and introgressive forms (0-4%) in neighboring Q. ellipsoidalis and Q. rubra populations in both the adult tree and seedling generation. In the present study, pronounced differences in growth and survival, the timing of bud burst and leaf senescence between seedlings of both species in a common garden experiment suggested reproductive isolation between species and genetic differences in fitness-related traits. Future studies should focus on the analysis of fitness traits in parental environments using reciprocal transplant studies.
Introduction
Oaks are economically and ecologically important species in temperate regions of the world including North America (Aldrich and Cavender-Bares 2011) . Climate change is expected to result in a northward migration of drought adapted oak species in the eastern United States (Woodall et al. 2009 ) resulting in new contact zones between species. Thus hybridization between interfertile oak species with different adaptations to drought is expected to be more frequent in the future as the result of secondary contact between formerly isolated populations.
Hybridization in plants is considered to play an important role in adaptive evolution, the transfer of adaptive traits among species (Arnold and Martin 2010) and affects biodiversity of associated insect and fungal communities (Whitham et al. 1999) . Oaks show a propensity to hybridize where distribution ranges of the species overlap (e.g. Curtu et al. 2009; Hokanson et al. 1993; Lepais et al. 2009; Petit et al. 2003; Zeng et al. 2010) . Thus, ecologically divergent oak species often occur in one stand or region, but in different micro-environments. Despite interspecific gene flow, most adult trees can be assigned to a species based on morphological and/or genetic characters suggesting a role of environmental selection in maintaining species identity (Curtu et al. 2007; Dodd and Afzal-Rafii 2004) . Likewise pre-zygotic mechanisms (differences in flowering time, crossing incom-patibility, availability of conspecific and heterospecific pollen) can contribute to the reproductive isolation of oak species, and the relative importance of different isolation mechanisms in interfertile oak species is strongly dependent on environmental conditions (Lepais and Gerber 2011; Lepais et al. 2009 ).
The North American red oak species Q. rubra and Q. ellipsoidalis offer a good model to study aspects of pre-and post-zygotic isolation between interfertile oak species with different local adaptations to drought. The occurrence of morphologically intermediate individuals and low differentiation at isozyme markers suggested frequent interspecific hybridization at their northern distribution limit Jensen et al. 1993) . At their southern distribution edge the number of interspecific hybrids as inferred from morphological and genetic assignment analyses appears to be less frequent (Hipp and Weber 2008; Andrew Hipp, personal communication) . Genetic assignment analyses using highly variable microsatellite markers suggested low levels of effective gene flow between Q. rubra and Q. ellipsoidalis in a region on the Upper Peninsula of Michigan where both species occur in gene flow distance on neighboring sites (Gailing et al. 2012; Lind and Gailing 2013) . Thus, the number of putative hybrids or introgressive forms was very low in the adult (0-4%) as well as in the seedling generation (0-3%, one and a half year old seedlings) suggesting either selection against hybrid seeds and young seedlings or pre-zygotic isolation between species.
Both species are the only red oak species native to the sampling area on the Upper Peninsula of Michigan, thus interspecific gene flow with other oak species can be excluded. Q. rubra is by far the most frequent species and grows on mesic slopes and well-drained uplands, while Q. ellipsoidalis as the most drought tolerant red oak species (Abrams 1988 (Abrams , 1990 ) is reported only on very dry sites (Barnes and Wagner Jr. 2004; Nixon 1997 ). Q. ellipsoidalis shows specific morphological (e.g. small dissected leaves) and physiological adaptations (maintenance of high photosynthesis rate under drought conditions) to drought (Abrams 1990 ). Additionally, Q. ellipsoidalis is distinguished from Q. rubra by its shrubby growth habit, by smaller ellipsoid to round acorns and different cup characteristics (Barnes and Wagner Jr. 2004; Hipp and Weber 2008; Nixon 1997) . Pronounced differences in growth habit, leaf shape and size, and seed production between neighboring populations of both species on contrasting sites (dry/mesic) suggested different local adaptations of the species or phenotypically plastic responses to different micro-environments (Gailing et al. 2012) .
In long-lived forest trees like oaks the highest viability selection is observed at the early seedling stage (Müller-Starck 1985) . Thus, the aim of the present study is to analyze Q. rubra and Q. ellipsoidalis seedlings from different regions at fitness-related traits (survival and growth) and at phenological traits such as bud burst as a proxy for flowering time (Chesnoiu et al. 2009 ) in a common environment under non-drought stress conditions, in order to detect genetic differences in trait expression. Pre-and post-zygotic reproductive barriers between species such as differences in the timing of bud burst and in growth and survival are hypothesized. This study will yield first insights into mechanisms of reproductive isolation between both species. Reciprocal transplant experiments and scoring of bud burst and flowering time under field conditions are necessary to better understand isolation mechanisms and different local adaptations of the species.
Material and methods

Adult tree populations
A total of 1958 seeds were collected in fall 2009 from four locations for Q. rubra and from one location for Q. ellipsoidalis, 799 of which germinated and were used in the seedling trial (Table 1) . Q. rubra populations were located in more mesic environments in closed forests while the Q. ellipsoidalis population grew in an open savanna characterized by scattered Q. ellipsoidalis trees in a forest type characterized as Pine Barrens (Albert and Comer 2008) . Among 11 populations that had between analyzed so far on the Upper Peninsula of Michigan, only two populations were identified as Q. ellipsoidalis based on genetic and leaf morphological assignment (Gailing et al. 2012; Lind and Gailing 2013) . Since 2009 seeds have only been produced in two groups of trees (about 50 meters apart) in one Q. ellipsoidalis population (stand FC-E).
Pronounced differences in growth, seed production, growth habit and insect herbivory have been observed between neighboring adult stands of Q. rubra and Q. ellipsoidalis. Thus, Q. ellipsoidalis stand FC-E with the dominating species Q. ellipsoidalis and Pinus banksiana is characterized by shrubby trees (mean DBH = 11.3 cm) with an open canopy, low seed production since 2009 and high insect herbivory. The neighboring Q. rubra stand with dominating species Q. rubra, Acer saccharum and Tsuga canadensis is characterized by larger trees (mean DBH = 29.3 cm), a closed canopy, low insect herbivory and abundant seed production since 2009. Since the Q. ellipsoidalis population grows on deep outwash sands and in open, less shaded stands, while Q. rubra occurs in a more mesic environment (Table 1) , differences in growth and seed production might be due to differences in the micro-environment or due to genetic differences between species. Likewise, differences in growth habit were observed between Q. rubra popula- tions with population HMR on rock outcrops showing a shrubby growth habit more typical for Q. ellipsodidalis, while the other stands were characterized by large adult trees (Table 1) .
Seedling trial
In order to separate between environmental and genetic effects on the phenotype a seedling common garden trial was established. The number of seedlings per sampled stand is given in Table 1 . Seeds were sampled from the ground under adult trees for Q. rubra populations FC-B, HMR and MTU-1 that were characterized at microsatellite markers in earlier studies (Gailing et al. 2012; Lind and Gailing 2013) . Q. rubra seeds for Houghton were collected from a single open-pollinated tree. For the Q. ellipsoidalis stand FC-E only a few trees had seeds, and seeds were collected from the ground under two groups of about 10 trees that were identified as Q. ellipsoidalis by genetic assignment analysis . After storage at 4°C for approximately four months, seeds were planted and grown in 0.5 gallon pots (~1.89 liter) filled with Sunshine1 mix potting soil (Sun Grow Horticulture, Canada, containing 70-80% Canadian Sphagnum peat moss, perlite, dolomite limestone, Gypsum and wetting agent) in a greenhouse at 20°C on February 5, 2010. A total of 799 germinating seeds were transferred to one gallon (~3.78 liter) pots filled with Sunshine1 mix potting soil on March 16, 2010 (Table  1) . Pots were transferred outside the greenhouse on May 5, 2010 in a completely randomized design.
Trait measurements
Seed length and seed width were measured before planting. Plant height was measured on June 11, 2010 (height 6/11/10), on September 10, 2011 (height 9/10/11) and on November 19, 2012 (height 11/19/12). Growth increment (Dheight) was determined for each year and after two years as the difference between height 11/19/12 and height 6/10/10. Leaf coloration/leaf fall was scored on a scale from 1 (>75% of leaves green) to 4 (all leaves red) and from 5 (leaves brown/red) to 7 (all leaves shed) on October 15, 2011 and September 26, 2012. Vegetative bud burst was scored in 2011 on a scale from 0 (terminal bud dormant) to 5 (terminal leaves completely unfolded) on May 5, May 15, May 23 and June 3. The highest variation in bud burst stages was calculated for May 23, and these data were used for further data analyses. After the transfer of the seedlings outside the greenhouse, survival was scored as the relative number of living plants on June 9, 2011 and on September 14, 2012.
Data analyses
In order to test for significant trait differences between seedling populations, one way analyses of variance (ANOVA) were performed. In case of unequal variances significant differentiation was confirmed by the Kruskall-Wallis test that is not dependent on homogenous variances. Additionally, ANOVA was performed after adjusting for unequal sample sizes by randomly selecting seedlings from each population. Critical differences between groups and homogenous subsets were identified by the Least Significant Difference method. These analyses and other basic statistical analyses as the calculation of means and confidence intervals were done with the program WINSTAT (Fitch 2006) . ANCOVA analyses using seed size as covariate were performed in SPSS ver. 20 (Inc 2002 ). Differentiation at quantitative traits was calculated as percentage of among population variation in a one way ANOVA. In order to compare genetic differentiation (F ST ) among populations within species and between species at microsatellite markers Sullivan et al. 2013 
Results
Significant differences between populations in seed length and seed width were found with FC-E showing the smallest and Houghton showing the largest seeds (data not shown). Seedling height in 2010 (height 6/11/10) was not significantly different for FC-B, FC-E, HMR and Houghton, but significantly higher for MTU-1 (Fig. 1) . Seedling height in 2011, in 2012 and Dheight 2010-2011 was lowest for Q. ellipsoidalis seedlings from the sandy site FC-E followed by seedlings from the neighboring Q. rubra population FC-B on loamy sands (Figs. 1, 2) .
Growth increment between 2010 and 2011 (Dheight 2010-2011) was significantly different among FC-E, FC-B and HMR/Houghton/MTU-1 seedlings. Differences among populations in seedling height remained significant when seed size was used as a covariate (data not shown). Growth increment between (Dheight 2011 -2012 was minimal for all populations and not significant among populations (compare Fig. 1b and 1c , Dheight 2011-2012 is not shown). Seedlings from Q. ellipsoidalis population FC-E flushed significantly later (i.e. showed an earlier bud burst stage on May 23, 2011) than seedlings from Q. rubra populations FC-B/Hougthon/MTU and HMR. Even though a highly significant difference between bud burst stages was observed between seedlings from neighboring (~4 km apart) populations FC-E (Q. ellipsoidalis) and FC-B (Q. rubra), the frequency distributions were overlapping (Fig. 3) . Also leaf fall occurred significantly later for Q. ellipsoidalis seedlings from FC-E than for the seedlings of the other populations indicating a shift in the growing period for both species under non-drought stress conditions. The survival rate of 79.8% until June 9, 2011 and 71.9% until September 14, 2012 for Q. ellipsoidalis seedlings from FC-E was considerably lower than for seedlings from the Q. rubra populations (93.2% to 95.7% in 2011, 89.8% to 95.1% in 2012) (Fig. 1) .
Differentiation at quantitative traits height in 2011 and 2012 (39.1%, 40.1%), Dheight 2010-2011 (32.1%), bud burst (24.0%), and leaf fall in 2011 and 2012 (12.5%, 5.4%) in the seedling generation was higher than genetic differentiation at microsatellites among populations within species (1.41%) and between species (4.95%) . The percentage of variation distributed among populations decreased to 21.0% for height 2011, 23.5% for height 2012, 10.5% for Dheight 2010-2011, 8.5% for bud burst, 3.4% for leaf fall 2011 and 2.7% for leaf fall 2012 when Q. ellipsoidalis population FC-E was excluded from the analysis.
Discussion
Strong and highly significant differences in growth, survival, leaf fall and bud burst between Q. rubra and Q. ellipsoidalis seedlings as observed in the present study in a common environment indicate that differences in these fitness-related traits are genetically controlled and contribute to pre-and post-zygotic reproductive isolation between these species. Significantly later bud burst in Q. ellipsoidalis seedlings when compared with seedlings from the Q. rubra populations including the neighboring population FC-B suggest differences in the timing of bud burst as a mechanism of pre-zygotic isolation between species. Thus, analyses in European white oaks showed a strong association between the timing of vegetative bud burst and flowering time (Chesnoiu et al. 2009; Franjic et al. 2011; Neophytou et al. 2011) . Likewise, autumn senescence occurred significantly later in Q. ellipsoidalis than in Q. rubra seedling populations reflecting genetic differences in phenology traits between seedlings of both species. However, under the relatively homogenous conditions in the common garden experiment there was considerable overlap in bud burst stages for seedlings of the two species. Assessment of the timing of bud burst and flowering phenology in natural populations over several years is necessary to evaluate their importance for the reproductive isolation between species under natural conditions. Also selection against hybrids ("outbreeding depression") and against species in non-parental environments (post-zygotic isolation) has been suggested as a mechanism to maintain adaptive species differences in oaks Moran et al. 2012; Muller 1952; Rushton 1993; Scotti-Saintagne et al. 2004) . While no evidence for selection against hybrids was found when comparing the genetic structure of adult trees and seedlings, since low numbers of hybrids were identified in the seedling (one and a half year old seedlings) and adult tree generation of Q. ellipsoidalis (FC-E) and Q. rubra (FC-B) , selection against hybrids in young seedlings cannot be excluded. The high survival and growth of Q. rubra seedlings and the very low survival and growth of Q. ellipsoidalis seedlings in the present study suggest a considerably lower fitness of Q. ellipsoidalis seedlings at early growth stages under regular water supply (no severe drought stress) and might reflect different local adaptations of the species with regard to water availability. While Q. rubra prefers mesic to well-drained soils, Q. ellipsoidalis as the most drought tolerant of the North American red oak species occurs on very dry and sandy sites and shows specific morphological and physiological adaptations to drought (Abrams, 1988 (Abrams, , 1990 . Considerably higher seedling differentiation in the quantitative traits height, Dheight and bud burst among adult stands for all populations (24.0-40.1%) and to a lesser extent after exclusion of Q. ellipsoidalis population FC-E (8.5-23.5%) than differentiation at potentially neutral genetic markers among populations within species (1.41%) and between species (4.95%) ) might have resulted from divergent selection on these traits since migration, genetic drift and inbreeding are expected to act on all loci and quantitative traits equally (Conner and Hartl 2004) . While the direct comparison of morphological and genetic differentiation is problematic, since the additive genetic variance could not be measured directly in our experimental design, divergent selection on these traits is the most likely explanation for higher differentiation at quantitative traits than at genetic markers. Thus, epistasis and dominance would result in a Q ST equal or lower than F ST for neutral loci and a pure drift model might eventually result in higher Q ST than F ST (Whitlock 2008) . While most pronounced differences in fitness traits were found between Q. ellipsoidalis seedlings on the one hand and Q. rubra seedlings on the other, significant differences found within Q. rubra indicate genetic differences among Q. rubra populations from different regions. Significant differences in Dheight were found between seedlings of Q. rubra population FC-B and the other Q. rubra populations, and in bud burst between seedlings of Q. rubra population HMR and the remaining Q. rubra populations.
The results of the present study suggest a genetic basis for characters related to pre-and post-zygotic isolation between Q. rubra and Q. ellipsoidalis and advocate for the assessment of these traits in reciprocal transplant experiments of seeds and natural populations across environmental gradients.
Since the strongest viability selection in forest trees like oaks is observed in the seedling stage and there is strong evidence that climate change has an effect on viability selection (Jump et al. 2006; Müller-Starck 1985) , the following future analyses are necessary. (1) Genetic assignment analysis in seeds, seedlings of different age and in adult stands of both species to assess the possibility of selection against hybrids and species in non-parental environments. (2) Analysis of seedling growth, survival and vegetative bud burst of Q. rubra, Q. ellipsoidalis and hybrid seedlings in parental and non-parental environments to better understand different local adaptations of the species and hybrids to their environments (see Sork et al. 1993) . Opposite trends in growth performance and survival along an environmental gradient between species habitats would confirm different local adaptations of the species. (3) Assessment of flowering phenology under field conditions in adult stands and in transplanted seedlings over several years to assess its relative importance as reproductive isolation mechanism.
